Reduction of (4,0)-Ru 2 (chp) 4 Cl (1) (chp = 6-chloro-2-oxypyridinate) with Zn or FeCl 2 yields a series of axial ligand adducts of the Ru 2 (II,II) species Ru 2 (chp) 4 (L), with L = tetrahydrofuran (2), dimethyl sulfoxide (DMSO; 3), PPh 3 (4), pyridine (5), or MeCN (6). Zn reduction in noncoordinating solvents such as toluene or CH 2 Cl 2 leads to the dimeric species [Ru 2 (chp) 4 ] 2 (7) or [Ru 2 (chp) 4 ] 2 (ZnCl 2 ) (8), whereas addition of strongly σdonating ligands such as CO causes cleavage of the Ru−Ru bond. Density functional theory (DFT) models of these complexes, the axially free species, and the axial adducts of several other potential ligands (H 2 O, NH 3 , CH 2 Cl 2 , S-bound DMSO, N 2 , and CO) indicate that these compounds can be divided into three distinct categories, based on their Ru−Ru bond length and electronic structure. Compounds 2, 3, 5, 6, 7, and 8, the hypothetical axially free species, and adducts of H 2 O and NH 3 fit in Category 1 with a (δ*) 2 (π*) 2 ground state, as indicated by their electronic spectra, magnetic properties, and Ru−Ru bond distances. However, compound 4 and the CH 2 Cl 2 adduct (Category 2) show a pseudo-Jahn-Teller distortion and spectroscopic signs of δ*/π* orbital mixing suggestive of a new electronic ground state intermediate between the (δ*) 2 (π*) 2 and (δ*) 1 (π*) 3 configurations. Category 3 consists of the hypothetical adducts of N 2 , Sbound DMSO, and CO, all of which are predicted to have a (δ*) 1 (π*) 3 configuration. Electronic spectra were recorded and assigned using time-dependent DFT, allowing assignment of a band in the 10 000−13 000 cm −1 range as the δ → π* transition. The axial ligand's π-acid character heavily influences the δ*−π* gap, and thereby the ground-state electronic configuration, but not the axial ligand binding strength, which is dictated more by the σ-donor character of the ligands. Thus, this work greatly expands the number of axial ligand adducts known for Ru 2 (II,II) complexes supported by N,O-donor ligands and provides a predictive theoretical framework for their stability and electronic structures.
INTRODUCTION
The coordination chemistry of Ru−Ru multiply bonded transition metal complexes is currently of interest due to unique structural, 1−5 electrochemical/electronic, 6−10 magnetic, 11−13 chemical, 14−16 and catalytic 17 properties of the compounds. Recently, we investigated several Ru 2 paddlewheel complexes that support an electrophilic terminal nitride 18 capable of performing nitrogen-atom transfer (NAT) chemistry (Scheme 1a). In particular, Ru 2 (D(3,5-Cl 2 )PhF) 4 N (D(3,5-Cl 2 )PhF = N,N′-bis(3,5-dichlorophenyl)formamidinate) has been shown to perform intramolecular NAT into a ligand C−H bond, 19, 20 and Ru 2 (chp) 4 N (chp = 6-chloro-2-oxypyridinate) has been shown to perform intermolecular NAT to triphenylphosphine in a complete synthetic cycle. 21 In addition to ongoing explorations aimed at expanding the scope of Ru 2 -supported NAT chemistry, we are also interested in exploring potential alternative, azide-free mechanisms for nitride formation using N 2 , 22 ammonia, 23 or hydrazine 24 as cheap and abundant N atom sources (Scheme 1b). The first step in any such mechanism would be the formation of a Ru Ru doubly bonded Ru 2 (II,II) complex with the appropriate N atom source bound as an axial ligand. However, even this initial step presents a challenge, as Ru 2 (II,II) complexes are not currently known to bind these axial ligands.
As has been shown with other M 2 systems, coordination to one metal is heavily influenced by the presence of a second, bonded metal, giving unusual chemistry at the axial position. 25−28 The Lewis acidity of Ru 2 (II,II) complexes varies extensively as a function of the equatorial ligand system, with O,O-, N,O-, and N,N-types of ligands supporting complexes with different axial ligands (Chart 1). Ru 2 tetracarboxylate (O,O type) complexes are known to bind a variety of neutral axial ligands, such as H 2 O, tetrahydrofuran (THF), and acetone, 29 but are unstable to CO, PPh 3 , pyridine, isocyanides, and occasionally MeCN. 30 Incorporation into a coordination polymer allows for the stabilization of complexes with pyridine or 7,7′,8,8′-tetracyanoquinodimethane derivatives. 31−41 Amidinate (N,N-type) complexes of Ru 2 (II,II) are significantly less Lewis acidic than their carboxylate analogues and can therefore be prepared without any axial donors present. 42, 43 However, several π-acid ligands (e.g., CO) that sever the Ru−Ru bond of the carboxylate analogues can bind to Ru 2 (II,II) amidinate compounds. 15, 43 Notably, Ru 2 amidinate compounds are not Lewis acidic enough to bind N 2 . We hypothesize that compounds with an intermediate equatorial ligand field strength between carboxylate and amidinate ligands (i.e., those with a set of mixed N,O-donor ligands) could be Lewis acidic enough to bind a variety of axial ligands as well as being stable to π-acceptors, so that they could be used to test the feasibility of the reaction pathways outlined in Scheme 1b. To this point, however, N,O-supported Ru 2 (II,II) compounds have only been reported to bind THF as an axial ligand, 44, 45 highlighting the need for a fundamental exploration of the scope of axial ligands that can be supported.
The electronic structure of Ru 2 (II,II) complexes is highly relevant to this fundamental study. These complexes exist with a RuRu doubly bonded electron configuration that can be represented as σ 2 π 4 δ 2 (δ*,π*) 4 , which emphasizes the fact that the δ* and π* orbitals are quite close in energy. The size and direction of the splitting (Δ = E(π*) − E(δ*)) between the Ru−Ru π* and δ* orbitals that hold the highest-energy electrons is determined by two effects. The extent of πdonation from the equatorial ligands modifies the metal δ* orbitals and the π-acceptance or π-donation of any axial ligands serves to modify the energy of the Ru 2 π* orbitals (Chart 2). 46 When the equatorial ligands are strongly π-donating, making Δ < 0, the D 4h -symmetric Ru 2 (II,II) electronic ground state is 1 A 1g (π*) 4 . This occurs in the known (N,N)-type (amidinate) paddlewheel complexes, which are then diamagnetic. 43 When the equatorial π-donation into the Ru 2 δ* orbital is weaker, Δ > 0, so the electronic ground state is 3 A 2g (δ*) 2 (π*) 2 . This condition holds for the known (O,O)-type (carboxylate) paddlewheel complexes. 47 When Δ ≈ 0, the electronic ground state is predicted to be the orbitally degenerate 3 E u (δ*) 1 (π*) 3 , but this state has, to our knowledge, never been observed in any d 6 −d 6 metal-metal bonded system. 6 The complexes studied here have four N,O donor ligands, 6chloro-2-oxypyridinate (chp), which are arranged about the Ru 2 core in the (4,0)-configuration, having all N atoms bound to one Ru atom and all O atoms bound to the other Ru atom (see Chart 1) . The molecular symmetry is therefore C 4 at best, for which the D 4h electronic states 1 A 1g , 3 A 2g , and 3 E u transform as 1 A, 3 A, and 3 E. We will henceforth refer to these states under the less-restrictive C 4 symmetry labels for consistency. The known (N,O)-type Ru 2 (II,II) paddlewheel complexes are found in the 3 A ground state, though the only known axial adducts of this class of compounds are the dimer (3,1)-[Ru 2 (chp) 4 ] 2 in which the axial site at the Ru−Ru bond is occupied by an O atom from the equatorial ligand of the next Ru 2 unit, 48 Ru 2 (fhp) 4 (THF) (fhp = 6-fluoro-2-oxypyridinate), 44 and Ru 2 (chp) 4 (THF). 45 Compounds with 3 A Ru−Ru bonds have been reported to be unstable to π-withdrawing axial ligands, 30, 49 but this empirical result does not have a firm basis in electronic structure. Given that placing a π-withdrawing axial ligand on a Ru 2 (N,O) 4 complex might favor the 3 E state, it is important to determine whether approaching this state creates an intrinsic instability in the system. Because of the demonstrated NAT ability of Ru 2 (chp) 4 N, 21 we sought to investigate the Lewis acidity and stability of the neutral Ru 2 (chp) 4 core using a synthetic and computational approach.
Herein, we report the reduction of Ru 2 (chp) 4 Cl (1) to Ru 2 (chp) 4 in the presence of a wide variety of potential axial ligands. The compounds investigated here are the previously reported 45 Ru 2 (chp) 4 (THF) (2) as well as the new axial adducts Ru 2 (chp) 4 (DMSO) (3; DMSO = dimethyl sulfoxide), Ru 2 (chp) 4 (PPh 3 ) (4), Ru 2 (chp) 4 (py) (5) , and Ru 2 (chp) 4 -(MeCN) (6) and the new dimeric compounds [Ru 2 (chp) 4 ] 2 (7) and [Ru 2 (chp) 4 ] 2 (ZnCl 2 ) (8) . Aside from 7, all of these compounds were characterized by X-ray crystallography and electronic absorption spectroscopy. Magnetic susceptibility data were collected for 4, 5, and 8. To further understand the effect of the axial ligand on the Ru 2 (II,II) electronic structure and identify the factors governing the strength of axial ligation, density functional theory (DFT) geometry optimizations, single-point calculations, and frequency calculations were performed on complexes 2−8 as well as several other hypothetical adducts of interest. Time-dependent density functional theory (TDDFT) calculations were performed on 4 Configuration the synthesized adducts to aid in assignment of their electronic absorption spectra.
EXPERIMENTAL SECTION
2.1. General. Except where otherwise noted, all syntheses, product isolations, and characterizations were performed under a dry N 2 atmosphere using established Schlenk techniques or in a glovebox. Reagent-grade DMSO and acetone as well as deionized water were degassed and used without further purification. All other solvents were dried, purified, and degassed according to standard techniques. The Hchp ligand was recrystallized from hexane prior to use. PPh 3 was recrystallized from ethanol. The preparation of Ru 2 (OAc) 4 Cl was adapted from the literature 50 by having the reaction mixture open to air and refluxing for 2 d. Ru 2 (chp) 4 Cl (1) was prepared according to the method developed in our lab. 21 2.2. Preparation of Ru 2 (II,II) Compounds. 2.2.1. Preparation of Ru 2 (chp) 4 (THF) (2) . Crystals containing the known compound Ru 2 (chp) 4 (THF) as a new solvatomorph were prepared according to a published procedure, 45 and solutions suitable for UV−vis spectroscopic analysis were prepared by performing the same reaction in more dilute conditions and using the fresh filtrate. UV−vis, THF solution (ν max , cm −1 (ε, M −1 cm −1 )): 12 600 (80) . To a Schlenk flask containing 1 (147 mg, 0.195 mmol) and zinc dust (637 mg, 9.74 mmol), DMSO (30 mL) was added. The dark purple mixture was stirred for 2 h, during which a color change to dark orange-brown was observed. After filtering through Celite, the filtrate was layered with water, and dark yellow-brown, plate-shaped crystals formed over 6 d. The crystals proved metastable in these conditions and could not be isolated and characterized as a dry product without removing all DMSO from the structure. 51 Solutions of Ru 2 (chp) 4 (DMSO) suitable for UV−vis spectroscopic analysis were prepared directly from the reaction filtrate. UV−vis, DMSO solution (ν max , cm −1 (ε, M −1 cm −1 )): 12 600 (84), 15 600 (110), 20 900 (830).
2.2.3. Preparation of Ru 2 (chp) 4 (PPh 3 ) (4). To a Schlenk flask containing 1 (100 mg, 0.133 mmol), zinc dust (435 mg, 6.65 mmol), and triphenylphosphine (349 mg, 1.33 mmol), THF (30 mL) was added. The dark purple mixture was stirred for 1.5 h, during which a color change to dark olive-green was observed. After this mixture was filtered through Celite, the resulting dark green filtrate was carefully layered with hexane, yielding (after 2 d) olive-green needle-shaped crystals. The crystals were collected in air, washed with hexane (10 mL), and then dried in vacuo for 16 h, giving Ru 2 (chp) 4 (7) . Yellow-brown crystals of 3 generated from 1 (147 mg, 0.195 mmol) were collected in air, washed with acetonitrile (5 mL), and then dried in vacuo for 16 h, during which a color change to dark brown was observed. Yield: 84 mg (60%). Anal. Calcd for C 40 2 Cl 2 (80 mL) kept at −78°C was added. The resulting dark purple mixture was warmed to −10°C and stirred for 3.5 h, during which a color change to dark red was observed. After the mixture was filtered through Celite into a flask kept at −78°C, precooled hexane (320 mL) was stirred into the red filtrate. The mixture was removed from the cold bath and shielded from light for several hours, during which a precipitate formed. The mixture was returned to −78°C and filtered, giving red-brown solids that were dried in vacuo and collected under an inert atmosphere. Yield: 156 mg (89.4%). Anal. Calcd for C 40.5 4 ] 2 (ZnCl 2 ) suitable for UV−vis spectroscopic analysis were prepared by performing the reduction of 1 in more dilute conditions. The resulting red filtrate was kept at −78°C and shielded from light to minimize oxidation to purple 1 prior to analysis. UV−vis, CH 2 Cl 2 solution (ν max , cm −1 (ε, M −1 cm −1 )): 12 000 (81), 15 800 (310), 18 700 (870), 20 200 (1000).
2.3. Physical Measurements. UV−vis measurements were performed using freshly prepared solutions of the reduced compounds with a Miniature BLUE-Wave UV−vis dip probe with a Tungsten− Krypton light source and a 10 mm path length tip. Fourier transform infrared spectra were measured on a Bruker Tensor 27 spectrometer using dry KBr pellet techniques or an ATR module (no matrix). MALDI MS data were recorded at the Mass Spectrometry Facility of the Chemistry Department Instrumentation Center of the University of Wisconsin-Madison, using an anthracene matrix on a Bruker Reflex II TOF mass spectrometer in positive ion mode. The MALDI-TOF data were calibrated relative to a mixed fullerenes standard containing C 60 and C 70 , acquired from a toluene extract of fullerene soot. For the elemental analysis of 8, the sample was handled under argon, and the analysis was performed by Canadian Microanalytical Service, Ltd., in Delta, British Columbia, Canada. The remaining elemental analyses were performed by Midwest Microlab, LLC, in Indianapolis, IN. The magnetic susceptibility measurements were performed with the use of an MPMS-XL Quantum Design SQUID magnetometer. This instrument works between 1.8 and 400 K with applied direct-current (dc) fields ranging from −7 to 7 T. Measurements were performed on polycrystalline samples of 4·THF, 5, and 8·1.3CH 2 Cl 2 (11.8, 14.7, and 20.0 mg, respectively) sealed in a polyethylene bag (3 × 0.5 × 0.02 cm). Prior to the experiments, the field-dependent magnetization was measured at 100 K to detect the presence of any bulk ferromagnetic impurities, which have been found to be absent. Alternating current susceptibility measurements were also performed with an oscillating field of 3 Oe with frequencies from 1 to 1500 Hz. No out-of-phase signal was detected above 1.8 K. The magnetic data were corrected for the sample holder and the intrinsic diamagnetic contributions.
2.4. X-ray Structure Determinations at 100 K. Suitable single crystals of 2·2.4THF, 3·0.8DMSO, 4·0.5toluene, 4·THF, 5, 6·MeCN, 8·1.3CH 2 Cl 2 were selected under oil and ambient conditions. The crystals were attached to the tip of a MiTeGen MicroMount and mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam using a video monitoring system. The crystal evaluation and data collection were performed on a Bruker Quazar APEX-II diffractometer with Mo Kα (λ = 0.710 73 Å; 3·0.8DMSO, 4· 0.5toluene, 5, 6·MeCN, 8·1.3CH 2 Cl 2 , and 9) or a Bruker SMART APEX-II diffractometer with Cu Kα (λ = 1.541 78 Å; 2·2.4 THF, 4· THF) radiation. The data were collected using a routine to survey an entire sphere of reciprocal space and were indexed by the SAINT+ program. 52 The structures were solved via direct methods and refined by iterative cycles of least-squares refinement on F 2 followed by difference Fourier synthesis using the SHELX2013 suite of programs. 53 All hydrogen atoms were included in the final structure factor calculation at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. The details concerning X-ray crystallographic structure solutions and refinement are given in Table 1 . For each structure, the model was refined to a low wR 2 value (<0.15 for all data in each case).
2.5. Computational Methods. All calculations were performed with the Orca 2.9.1 program package using spin-unrestricted DFT methods. 54 The triple-ζ Def-3 (TZV on hydrogen, TZVP on main group atoms, TZVPPP on transition metals) basis set from the Karlsruhe group, 55 which was recontracted in ORCA for use with the scalar relativistic zeroth-order regular approximation (ZORA), was used for all calculations. Optimizations included an increased integration grid (Grid4) and tight self-consistent field convergence criteria.
Except for compound 4, all geometry optimizations and frequency calculations were performed using the BP86 56,57 functional with the RI approximation 58 with an appropriate 59 auxiliary basis. Starting geometries were obtained from their respective crystal structures or from related crystal structures that were edited in Avogadro 60 to include the correct previously optimized axial ligand at a starting distance of 2.3 Å from the bound ruthenium atom. For compound 4, separate models were generated by geometry optimization using the BP86 functional on crystal coordinates and the TPSS 61 functional on crystal coordinates. Thermodynamic quantities were generated using the numerical frequency module to correct for zero-point energy and entropy contributions at 298 K.
Single-point energies, molecular orbitals, and electronic transition energies were obtained using the B3LYP 62 functional and the RIJCOSX approximation 63 on optimized geometries. Quasi-restricted orbitals (QROs) 64 and energies were used. Orbital pictures were plotted using the UCSF Chimera program package. 65 The electronic structures and properties of the dimeric [Ru 2 ] 2 compounds were optimized in both the high-spin (S = 2) and broken-symmetry (2,2) 66 states. The electronic transition energies were generated using the TD-DFT/CIS module 67, 68 with an appropriate COSMO correction 69 corresponding to the solvent used for the UV−vis spectrum of the compound. To aid comparison to the experimental absorption data, calculated molar absorptivities of electronic transitions were divided by 2 for the Ru 2 compounds and by 4 for the [Ru 2 ] 2 compounds.
DFT-calculated binding constants (K b ) to Ru 2 (chp) 4 for the various axial ligands were determined using the binding energy (ΔG) through the equation: 
where k B is the Boltzmann constant, and the temperature T is assumed to be 298.15 K, except where otherwise noted. The binding energy was determined by subtracting the Gibbs free energy (G) of Ru 2 (chp) 4 and the free ligand (L) from that of the axially ligated species Ru 2 (chp) 4 (L). G for each species was estimated through the thermodynamic equations
using DFT-optimized values for the inner energy (U), electronic entropy (S el ), vibrational entropy (S vib ), and translational entropy (S trans ). The rotational entropy (S rot ) was obtained through the equation
where q rot is the DFT-optimized rotational partition function for the molecule, σ is its symmetry number, 70 and N is 1 for linear molecules and 1.5 for nonlinear ones.
3. RESULTS AND DISCUSSION 3.1. Synthesis. Reduction of Ru 2 (chp) 4 Cl, 1, results either in an axial adduct (2−6), a dimer (7, 8) , or products without Ru−Ru bonds, depending on which potential axial ligands are present in the reaction mixture (Scheme 2). The adduct 2 was previously prepared in 93% yield by Cotton and co-workers through the reduction of 1 with excess Zn dust in a solution of THF (eq 1). 45 In our hands, the majority of the Ru-containing material under these conditions reproducibly precipitates as the air-stable brown powder 7 prior to filtration, and only a 20% yield of 2 is isolated. Preparing 2 in more dilute conditions limited precipitation of 7 but did not increase yields of 2. The dimer 7 is the exclusive product formed when Zn reduction is performed in toluene, due to the absence of a sufficiently coordinating axial ligand. Even among moderately coordinating axial ligands, dimerization to 7 can be induced by heat, vacuum, long reaction times, insolubility of the adduct, low concentrations of the axial ligand, or high concentrations of the Ru 2 (II,II) species, complicating attempts to isolate axial adducts (eq 2).
Performing the Zn reduction in CH 2 Cl 2 at −10°C minimizes premature precipitation of the dimer, so that a dark red filtrate can be separated from the zinc powder. This red solution is sensitive to oxidation in the presence of air, heat, or light, the latter possibly due to photoreduction of the CH 2 Cl 2 solvent, as has been previously observed in Rh 2 (II,II) systems. 71 A zinc chloride-bridged dimer 8·xCH 2 Cl 2 (x = 0.5− 1.3) can be precipitated from this solution by adding hexanes at −78°C and warming to room temperature. In contrast to the air-stable 7, solid 8 oxidizes to a purple Ru 2 (II,III) species over 24 h in air, possibly due to the presence of Cl atoms.
When Zn reduction of 1 is performed in DMSO and when the filtrate is layered with water, yellow crystals containing the DMSO adduct 3 form within a day but are not stable to water or vacuum, and they could not be isolated in pure form as a solid. 51 Washing 3 with water and drying in vacuo overnight shifts the equilibrium of eq 2 toward dimerization, giving clean conversion to 7. However, this equilibrium is readily reversed upon treating 7 with DMSO, creating solvated 3.
Unlike the Ru 2 (O 2 CR) 4 systems that are readily cleaved by pyridine and PPh 3 , 30 Ru 2 (chp) 4 has proven capable of forming stable adducts with these ligands. When the Zn reduction is performed in toluene or THF with 10 equiv of PPh 3 , the olivegreen adduct 4 forms in solution, but the resulting crystals of 4· 0.5toluene are not easily isolated from the remaining PPh 3 and the byproducts OPPh 3 and ZnCl 2 (OPPh 3 ) 2 . 72 Pure 4·THF is instead best isolated in 77% yield from the THF solution, and no cleavage products are detected. The pyridine adduct 5 can also be made by performing the Zn reduction with 10 equiv of pyridine in THF, but higher yields (up to 61%) are obtained by performing the reduction in neat pyridine, although yellow, mononuclear Ru-pyridine byproducts are also formed that are detectable by MALDI-MS. Adducts 4 and 5 are stable against dimerization, and the formation of 7 or 8 is easily avoided with a 10-fold excess of either axial ligand. Both 4 and 5 are air-stable in the solid form but behave differently in solution. Air-exposed solutions of 5 in CH 2 Cl 2 or toluene maintain their red-orange color for weeks, as the pyridine remains coordinated and apparently prevents oxidation. However, the PPh 3 ligand of 4 appears to be less strongly bound than the pyridine of 5, since dissolving 4 in CH 2 Cl 2 or toluene without excess PPh 3 yields a swift color change from green to orange. Even with 10 equiv of PPh 3 present in a toluene solution of 4, exposure to air causes a color change from green to yellow to orange over 2 d, indicating a degradation pathway likely made possible by axial ligand dissociation. The higher thermodynamic stability of 5 is demonstrated when PPh 3 , followed by pyridine in a 2:1 ratio, is added to a THF solution of 4, upon which the green solution turns red-orange, indicating conversion from 4 to 5.
Because 6 is not very soluble in acetonitrile, an alternate, acetonitrile-soluble reductant was necessary to crystallize and isolate this compound. Reduction of 1 over 6 d through the addition of 1 equiv of FeCl 2 dissolved in hot MeCN without stirring generates bright orange crystals of 6·MeCN. However, unlike the Zn reduction of 1 in MeCN, the reaction using FeCl 2 as a reductant does not go to completion over the course of a month. The resulting crystals may be mechanically separated from 7 and unreacted 1. Crystals of 6·MeCN do not oxidize in the presence of O 2 , are vacuum-stable, but also hygroscopic and water-soluble, rendering them air-sensitive. The preparation of 6 is notable in that MeCN was also reported to cleave the Ru− Ru bond of Ru 2 (O 2 CR) 4 compounds, 30 but we found no evidence for similar reactivity here.
Attempts to generate a carbon monoxide adduct to Ru 2 (chp) 4 are complicated by dimerization to 7 or 8 in the presence of Zn. However, when 5 is dissolved in a 3:2 mixture of acetone and hexane, the pyridine ligand becomes labile, as evidenced by the solution becoming sensitive to air-oxidation. This method of conferring gas-sensitivity was used under an Scheme 2. Summary of Synthetic Work atmosphere of CO in an attempt to generate a CO adduct. As in the case of Ru 2 (O 2 CR) 4 complexes, 30 the CO adducts of Ru 2 (chp) 4 are not stable, and only Ru−Ru bond-cleaved degradation products are observed. The orange and yellow pyridine-containing products, including Ru(chp) 2 (CO)(py) and Ru(chp) 2 (py) 2 (formulas suggested by MALDI-MS) can be washed away with diethyl ether and acetonitrile, leaving behind the colorless, diamagnetic compound (μ-chp) 2 [Ru-(chp)(CO) 2 ] 2 in poor yield. 73 3.2. X-ray Crystallography. The crystal structure of 2· THF has been previously reported, 45 but we report here a second solvatomorph (2·2.4 THF), along with the crystal structures of the new compounds 4−6 and 8. The molecular structures of these compounds are shown in Figures 1−5, and selected bond distances, angles, and torsion angles are provided in Table 2 . Several X-ray crystal structures containing 3 were obtained, but consistent whole-molecule disorder renders them unreliable, except to determine the shape, connectivity, and Ru−Ru distance in the complex. 74 In each of these compounds, the Ru 2 paddlewheel-type core adopts the 4,0 arrangement of chp ligands. In this arrangement the chlorine atoms of the chp ligands sterically block one of the axial coordination sites but allow the coordination of a variety of N, O, and P donor ligands in the opposite axial position. The crystallographic structure of 2·2.4THF (Figure 1 ) compares favorably with the previously determined solvatomorph of 2·THF. The Ru−O ax , Ru−O eq , and Ru−N eq bond distances as well as the Ru−Ru−O eq and Ru−Ru−N eq angles are statistically identical between the two structures. The main differences between the structures are the Ru−Ru bond distance, the Ru−Ru−O ax bond angle, and the average N−Ru−Ru−O eq torsion angle, but none of these differences are large enough to be of any chemical significance.
Among compounds 2−6 and 8, the Ru−L eq bond distances and angles are largely similar. The Ru−L eq bond distance that shows the most variability is the Ru−O eq bond length (range: 2.029 [ Ru−O eq torsion angle, in agreement with the observations made by Patmore and co-workers, except in 4 and 5, which have higher torsion angles than would be expected based on their long Ru−Ru distances ( Figure 6 ). 75 The formal shortness ratio (FSR) of the Ru−L ax bond, calculated as the ratio between the measured bond length and the sum of the single-bond covalent radii of the constituent atoms, 76 is an indicator of bond multiplicity. 1, 77 Since the donor atoms of the axial ligands differ in 2−6 and 8, the multiplicity of the Ru−L ax bond is inadequate for evaluating the strength of those interactions, but may give some insight into the extent of back-donation from the metal orbitals into the axial ligands. The FSR values for the various adducts in this series suggest that the extent of π-acceptance by the axial ligand goes in the order of PPh 3 > pyridine ≈ MeCN > Ru 2 (chp) 4 ≈ THF ( Table  2) .
The typical range for the Ru−Ru bond distance in paramagnetic Ru II −Ru II compounds is between 2.24 and 2.28 Å, into which most of our compounds fall. 1, 6 The observed differences indicate the structural trans effect (STE) of each axial ligand, which is associated with ligand basicity. 78 The trend seen in these compounds shows that the O donor ligands have the weakest STE, followed by the N-donor and then Pdonor ligands. These differences are not accounted for by the qualitative estimates of basicity suggested by hard/soft acid/ base theory, a fact that is further highlighted by the DMSO complex being found only as the O-bound adduct, and not as the S-bound adduct, which is unusual for Ru II . 79 Though the axial ligand binding in 8 (and likely in 7 as well) would be estimated as the weakest metal−ligand bonding interaction through this analysis, the dimers each have two of these Ru− O ax bonds, as shown in Figure 5 , accounting for the observation that dimerization acts as a thermodynamic sink in most of the reactions to generate Ru 2 (II,II).
To deconvolute σ and π effects on the observed STE, we can use literature measures of basicity to estimate σ-donor strength ( Table 3 ). The enthalpy of protonation of each ligand provides a good measure of the σ-interaction due to electrostatics, 80, 81 while the enthalpy of binding to BF 3 takes into account more polarization of the Lewis acid, 82 and the measure of electron donation to HgBr 2 (D S ) illustrates the effect of a purely soft− soft acid−base interaction. 83 Though MeCN, THF, and DMSO span nearly the entire range of basicity in each of these series, The PPh 3 adduct 4 has some interesting structural characteristics. Though PPh 3 is a moderate base and σ-donor, the PPh 3 adduct shown in Figure 2 has, to our knowledge, the longest Ru−Ru distance (2.2853(3) and 2.2844(6) Å) of any synthesized Ru 2 (II,II) complex with only (N,O)-type equatorial ligands. PPh 3 is the strongest π-acceptor to form a persistent Ru 2 adduct in this series, 84 which might be expected to shorten the Ru−Ru distance through the removal of π* electron density. Instead, the π-withdrawing capacity of this ligand appears to cause a change in electronic structure that lengthens the Ru−Ru bond beyond that which would be expected from a σ-based STE (vide infra). In the case of CO, which is both an extremely strong σ-donor and π-acceptor, 85−87 the extent of the bonding interaction is so great that the Ru−Ru bond is broken, yielding the dinuclear structure shown in Figure S3 (see Table  S1 for selected bond distances and angles). 73 Complex 4 is also distinct from the other compounds in the series in that its Ru− Ru−L ax angle is bent (169−173°), deviating significantly from 180°. This feature is preserved across two different solvatomorphs ( Figure S2 ) without any obvious structural constraints that would require a bent angle.
3.3. Electronic Absorption Spectroscopy. The visible spectra of Ru 2 (chp) 4 adducts show four absorption bands of increasing intensity with increasing energy (Figure 7 and Table   4 ). The lowest-energy band, Band 1, has the lowest intensity, with molar absorptivities ranging from 55 M −1 cm −1 for 4 to 84 M −1 cm −1 for 3. The energy of this band appears to correlate with the π-donor/acceptor character of the axial ligand ( Figure  S4 ) and can be assigned as the δ → π* transition, as predicted by Miskowski et al. to reside near 12 000 cm −1 , 6 and in agreement with computational results (vide infra). The πwithdrawing PPh 3 ligand gives 4 the lowest-energy Band 1 at 10 800 cm −1 , followed by the moderately π-withdrawing MeCN and pyridine ligands of 6 and 5 at 11 700 cm −1 and 11 800 cm −1 , respectively. The π-donating THF and DMSO axial ligands of 2 and 3 give the highest-energy Band 1 maxima, both at 12 600 cm −1 . The red CH 2 Cl 2 solution of dimer 8 possesses a Band 1 feature at 12 000 cm −1 . Using this value as a reference point, its proximity to Band 1 for 6 and 5 may indicate that MeCN and pyridine only possess minor π-withdrawing character as axial ligands to Ru 2 (chp) 4 .
Band 2 varies in appearance considerably across the series, with intensities ranging from 110 M −1 cm −1 (3) to 350 M −1 cm −1 (4). This band's energy correlates with the σ-donor strength of the axial ligand ( Figure S5 ). THF and O-DMSO, which had STEs indicative of weak σ-donor character, put Band 2 for compounds 2 and 3 at 15 400 cm −1 and 15 600 cm −1 , respectively. In accordance with the moderate STE observed for MeCN and the moderate σ-donor character expected for PPh 3 , Band 2 for 6 and 4 are accordingly at the moderate energies of 16 200 cm −1 and 17 100 cm −1 , respectively. Pyridine is the strongest σ-donor in the series, and thus Band 2 for complex 5 accordingly falls so high in energy (17 600 cm −1 ) that it is mostly obscured as a shoulder to Band 3. Dimer 8 shows Band 2 as a prominent shoulder at 15 800 cm −1 , indicating that each axially bound chp oxygen atom acts as a weak-to-moderate sigma donor. Band 3 typically appears as a shoulder on the tail of the very intense Band 4, which reaches its maximum in the UV range. There is no readily identifiable trend in the energies of Band 3, though its position and prominence relative to Band 2 defines the color of each complex. The spectrum for dimer 8 shows the most prominent Band 3, appearing as a distinct peak centered at the relatively low energy of 20 200 cm −1 . This peak's absorbance in the green range gives dimer 8 its deep red color in solution. The pyridine complex 7 has the next most prominent Band 3, with large shoulder features around 20 900 cm −1 and 22 100 cm −1 , giving this compound its red-orange color in solution. Compounds 2, 3, and 6 have less prominent shoulders with Band 3 around 20 800−20 900 cm −1 , giving them their orange to yellow-orange appearances. Complex 4 appears olive-green, because the blue-shifted (22 200 cm −1 ) Band 3 barely absorbs above the tail of Band 4. The nature of Bands 1−4 will be further discussed in the context of computational results (vide infra).
3.4. Magnetic Susceptibility. Although the 3 A(δ*) 2 (π*) 2 and the 1 A(π*) 4 ground states can be readily distinguished on the basis of their Ru−Ru distances and their room-temperature magnetic susceptibilities, no M 2 d 6 −d 6 complex with a 3 E-(δ*) 1 (π*) 3 ground state has ever been reported. 3 E complexes are predicted to have longer Ru−Ru distances than 3 A complexes, and shorter Ru−Ru distances than the 1 A complexes, but it is unclear where the dividing lines are that would conclusively distinguish the new ground state from the familiar ones. The two paramagnetic states would have similar room-temperature magnetic moments. However, the orbital angular momentum present in the 3 E(δ*) 1 (π*) 3 state yields a zero-field splitting parameter D that is less than zero, whereas this orbital angular momentum is absent in the 3 A state, making D > 0. Thus, the two states might be empirically distinguished by their temperature-dependent magnetic susceptibilities. 6 Even so, it is unlikely that the ideal magnetic behavior of the 3 E state could ever be observed in an electronic ground state, because rhombic distortions in a complex will disrupt the π* x/y degeneracy and quench the orbital angular momentum, leaving D > 0.
Compounds 4 and 5 have the two longest Ru−Ru distances of the series reported here, yet the green color and a few odd structural features of 4 (vide supra) make it very distinct from 5, which shares the orange color and most of the structural features of the other 3 A complexes. Also of interest is the nature of magnetic coupling in dimer 8. Hence, the magnetic susceptibilities (χ) of 4, 5, and 8 were measured between 1.8 and 290 K (Figure 8 ). For 4 and 5, the χT products at 290 K are 1.01 and 1.08 cm 3 K mol −1 , respectively, indicative of an S = 1 system. The χT product for both compounds decreases smoothly to reach in both cases 0.01 cm 3 K mol −1 at 1.85 K. This thermal behavior is typical of Ru 2 4+ paddlewheel complexes with a considerable zero-field splitting, suggesting a 3 A ground state for both complexes despite the abnormally long Ru−Ru distance in 4. 88 The susceptibility data at 1000 Oe were fit to a simple S = 1 anisotropic spin model based on the Hamiltonian Ĥ= gμ B HŜ+ DS z 2 , where D is the uniaxial zerofield splitting parameter and S = 1. 89 The analytical expression of the average susceptibility is given by the following relation:
with
where G = gμ B H. The data fitting gives g av = 2.15 (6) and D/k B = +417(4) K for 4 and g av = 2.2(1) and D/k B = +366(4) K for 5. In comparison, the Ru 2 4+ tetra-acetate and tetrabenzoate complexes show similar magnetic behavior, with g values of 2.08 and 2.1 and zero-field splitting parameters of +351 and +309 K, respectively, 90 while g = 2.00 and D/k B = +375 K were found for the one-dimensional system [Ru 2 (O 2 CCF 3 ) 4 -(C 16 H 16 )]. 91 Similarly, Ru 2 4+ complexes with aliphatic carboxylates display g values from 2.05 to 2.12 and D/k B values ranging from +389 to +452 K. 92 However, a small (and suspect 93 ) g value of 1.64 was found for 4,0-Ru 2 (fhp) 4 (thf), a fluorine analogue of the studied molecules, with a comparable D/k B value of +378 K. 44 Most of the other treatments of the magnetic data of Ru 2 4+ compounds fix the g value to 2.00. In this way, a series of Ru 2 (O 2 CAr) 4 compounds, where Ar = fluorine-substituted phenyl, exhibited D/k B values ranging from +333 to +449 K; 10 the one-dimensional compound [Ru 2 (O 2 CCF 3 ) 4 (Phz)] gave D/k B = +399 K, 12 and the trifluoroactete and perfluorobenzoate (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl adducts revealed D/k B = +338 and +350 K, respectively. 94 Thus, 4 and 5 show magnetic features that are similar to known 3 A compounds.
The magnetic behavior of dimer 8 (Figure 8c ) is qualitatively similar to that of the binuclear compounds, tending toward zero at 1.85 K. However, the χT product only reaches 1.69 cm 3 K mol −1 at 290 K, which is less than the theoretical value for two non-interacting S = 1 centers (2.0 cm 3 K mol −1 ), suggesting a strong zero-field splitting and/or the additional presence of anti-ferromagnetic coupling between the paddlewheel complexes. Therefore, the fit was performed using eq 3 multiplied by a factor of 2 to take into account the second paddlewheel unit and modified with the potential intercomplex interactions in the frame of the mean field approximation 
where J is the magnitude of the inter-paddlewheel interaction and z = 1. eq 4 also takes into account a small correction for extrinsic paramagnetic impurities (ρ) often detected in compounds with a diamagnetic ground state. 95 A fit where g was fixed at 2.2 and the other parameters were left free allowed us to determine D/k B = +477(4) K and J/k B = −53(2) K. Because the positive D and the negative J values both result in a diminishing of the χT product with lowering temperature, it is not easy to deconvolute accurately the two effects using magnetic susceptibility measurements. If we consider the value of D/k B (+366 K) for 5 as the lower limit for these types of Ru 2 4+ compounds and fix both D/k B and g, J/k B refines to −114(8) K, but with worse agreement with the experiment. Therefore, it seems reasonable that D/k B and J/k B are probably closer to +477 K and −53 K, respectively, with an uncertainty that is certainly larger than the mathematical estimation given above. Although these values should be taken with caution, they are the same order of magnitude to those previously found (D/ k B = +320(11) K and J/k B = −35(12) K) for the onedimensional [Ru 2 (O 2 CCF 3 ) 4 ] system, which also polymerizes via Ru−O axial bonds to the equatorial ligand of the neighboring Ru 2 unit. 91 3.5. Computational Description of Ru 2 (II,II) Adducts. 3.5.1. Density Functional Theory Optimized Geometries. In addition to compounds 2−8, DFT geometries were predicted for hypothetical "naked" Ru 2 (chp) 4 and its H 2 O, NH 3 , CH 2 Cl 2 , N 2 , S-DMSO, and CO adducts, as shown in Table 5 . The nondimeric structures were optimized with the Ru 2 unit in both the S = 0 and S = 1 states, and an S = 1 ground state was energetically favored in all cases. Optimization of the dimers in the closed-shell S = 0 and open-shell S = 2 states predicts a thermodynamic preference for the open-shell state, but an apparent lack of overlap between the one-electron components of the highest occupied orbitals indicates the need to model the electronic structure of each dimer as a broken symmetry system. Broken symmetry calculations on the S = 2 geometries for 7 and 8 each gave anti-ferromagnetic coupling with J/k B = −15 K and J/k B = −20 K, respectively, 96 which are the same sign, but both are significantly smaller in magnitude than the experimentally measured value of J/k B = −53(2) K for 8. There is a small, systematic positive error in the Ru−Ru distances, but the general trends match those of the experimental crystal structures ( Figure S8 ). The optimized structures can be divided into three categories based on their Ru−Ru distances. Category 1 contains compounds with predominantly σ-donor ligands, giving Ru−Ru distances that generally increase with greater σdonation from the axial ligand. Category 3 contains compounds with highly π-withdrawing axial ligands, with longer Ru−Ru distances that also generally increase with greater σ-donation from the axial ligand, ranging from 2.349 Å for Ru 2 (chp) 4 (N 2 ) to 2.391 Å for Ru 2 (chp) 4 (CO). Category 2 contains 4 and the CH 2 Cl 2 adduct, which both have intermediate Ru−Ru distances that do not fit into either Category 1 or 3.
Category 1 contains complexes with short optimized Ru−Ru distances, typical of Ru 2 (II,II) in the 3 A(δ*) 2 (π*) 2 ground state, 6 ranging from 2.255 Å for Ru 2 (chp) 4 to 2.279 Å for the eclipsed rotamer of Ru 2 (chp) 4 (py). Compared to the available crystal structures, these models generally overestimate the Ru− Ru distances by between 0.01 and 0.02 Å. There is no crystallographic evidence for a (4,0)-oriented Ru 2 (chp) 4 complex without any axial ligand, so the closest comparisons can be made to the previously reported axial ligand-free (2,2)trans-Ru 2 (chp) 4 complex 45 and to the dimeric structures reported previously 48 and here. The (2,2)-oriented complex, the (3,1)-oriented dimer, and the (4,0)-oriented dimer 8 exhibit similarly short Ru−Ru distances, at 2.248(1), 2.247 [1] , and 2.245 [2] Å, respectively. The optimized Ru−Ru distance for the C 4 -symmetric axially free species (4,0)-Ru 2 (chp) 4 is only 0.011 Å longer than even the smallest of these crystallographic Ru−Ru distances. This Ru−Ru distance is the smallest of the DFT-optimized series, reflecting the lack of any σ-donor or πacceptor in the axial position. On the basis of the crystallographic distances, the dimeric species would not be expected to have significantly greater Ru−Ru distances than the axially free Ru 2 (chp) 4 species, yet the optimized model for dimer 8 overestimates the average Ru−Ru distance relative to the crystal structure of 8 by 0.022 Å, and the overestimation is more severe in the optimized model for dimer 7. Hence, the computational models may be assigning too much σ-donation to the axially bound oxygen atoms of the dimer structures.
The model for Ru 2 (chp) 4 (OH 2 ) has the shortest Ru−Ru distance of the axially bound models, with the H 2 O hydrogen atoms an average of 2.428 Å from the equatorial chp oxygen atoms and an average O H2O −H···O chp angle of 105.4°. This were observed in the staggered and eclipsed models of 5. Even though both rotamers of 5 have been observed crystallographically, 97 the staggered model is calculated to be 7.9 kcal mol −1 lower than the eclipsed model. Hence, the staggered model was used for all further analyses. Category 2 contains only two complexes: Ru 2 (chp) 4 -(CH 2 Cl 2 ) and the PPh 3 adduct (4), both with unusually long Ru−Ru distances. There is no crystal structure of the CH 2 Cl 2 adduct for comparison, but 4 was crystallographically characterized in two solvatomorphs. Optimizing the geometry of 4 using the BP86 functional as in the previously described models yields a severely erroneous structure, with a Ru−Ru distance 0.078 Å longer than that of 4·0.5toluene and 0.077 Å longer than that of 4·THF, putting this model in Category 3. However, using the superior 61 meta-GGA functional TPSS to optimize this complex gives a Category 2 model, the geometry of which is in much better agreement with the crystal structures, with an optimized Ru−Ru distance of 2.295 Å and an optimized Ru−P distance of 2.556 Å. Given that the optimized Ru−Ru distance in the CH 2 Cl 2 adduct is 0.033 Å longer than in the optimized Ru 2 (chp) 4 complex without any axial ligand, the CH 2 Cl 2 axial ligand does seem to induce structural changes in the Ru 2 (chp) 4 unit, despite the exceptionally long optimized Ru−Cl distance of 2.742 Å and the expectedly weak σ-donor strength of the Cl lone pair. The stronger σ-donation of the PPh 3 ligand relative to the CH 2 Cl 2 axial ligand is reflected by the longer optimized Ru−Ru distance for 4, but the models for these two complexes also share some common features with each other that distinguish them from the other categories. Notably, the Ru−N eq distances of 2.111 and 2.110 Å are directly between the range of values seen in Categories 1 and 3, and the Ru−Ru−L ax angle for both complexes is significantly less than 180°without any obvious geometric constraint that would provide a reason why this distortion is thermodynamically favored, if only slightly (for 4, ΔE = −0.4 kcal mol −1 relative to a constrained linear model).
Category 3 contains complexes with long optimized Ru−Ru distances ranging from 2.349 Å for Ru 2 (chp) 4 (N 2 ) to 2.391 Å for Ru 2 (chp) 4 (CO). This distance clearly increases with greater σ-donation from the axial ligand, as seen in the other categories, but is in the range expected for Ru 2 (II,II) complexes with the 3 E(δ*) 1 (π*) 3 ground state. 6 There do not yet exist any crystal structures of N 2 , S-bound DMSO, or CO adducts to Ru 2 (chp) 4 , but these complexes are placed squarely in Category 3 using either the BP86 or TPSS functional. The TPSS models give slightly lower Ru−Ru distance estimates than the BP86 models (ΔRu−Ru = −0.005 Å to −0.010 Å), which may correct for some of the systematic overestimation of this distance typically seen in the BP86 models that we have compared to crystal structures. Hence, the TPSS functional creates models of the Ru 2 (chp) 4 complexes that are more likely to have accurate distances and the correct ground state than the BP86 functional. However, except for the PPh 3 adduct, the differences are minor in the context of the complexes discussed here, and the same overall trends can be observed in the models using the two different functionals. So for the sake of comparison, all further analysis of the compounds will be based on their BP86 models, except for complex 4, for which the TPSS model will be used as noted earlier.
For the DFT-optimized Ru−L ax bonds, there is a strong inverse correlation between FSR and Loẅdin bond order ( Figure S9 ), which has been noted before in reference to metal−metal bond distances. 98 The FSR of the various adducts increases as CO ≪ N 2 < S-DMSO ≈ PPh 3 < MeCN < py < NH 3 < O−DMSO < THF ≈ Ru 2 (chp) 4 (with or without ZnCl 2 ) < H 2 O < CH 2 Cl 2 . This list is nearly the reverse of the sequence of bond orders, which in most cases reflects the expected relative π-withdrawing/donating character of the axial ligand. However, this does not hold true for the CH 2 Cl 2 and H 2 O adducts, which appear at the high extreme of FSR and low extreme of bond order due to their extremely weak σ interactions with the metal. The Category 1 complexes all exhibit lower Ru−L ax bond orders than the Category 3 complexes, and the Category 2 complex 4 appears between them.
The optimized Ru−Ru−L ax angle does not show a clear dependence on the category delineations. Except for NH 3 , all of the simple ligands (coordinated through a single Lewis-acid interaction at the Ru center) that coordinate through Period 2 elements (C, N, O) have optimized Ru−Ru−L ax angles within 1°of 180°. All of the multicoordinate ligands (coordinated through a Ru−L ax interaction, as well as Lewis acid interactions with one or more O eq atoms: Ru 2 (chp) 4 (H 2 O), 7, 8) have Ru− Ru−L ax angles between 168°and 170°, ostensibly to favor axial ligand interactions with the O eq atoms. All of the simple ligands that coordinate through Period 3 elements (P, S, Cl) have significantly bent optimized geometries, with Ru−Ru−L ax angles between 172°and 177.6°. The bent structure is likely caused by a Jahn−Teller symmetry-lowering effect, as will be further discussed (vide infra), but may also be related to the increased van der Waals radii of the coordinated atoms and the resulting lengthening of the Ru−L ax bond distance. Notably, both Category 2 complexes clearly exhibit this feature, but a wider variety of examples would be required to establish a relationship between Ru−Ru−L ax angle and the Category 2 Ru−Ru bond distance.
In general, the coordination geometries around the Ru atoms of Ru 2 (chp) 4 tend to exhibit near-or perfect-C 4 symmetry in Category 1, minor distortions toward C s symmetry in Category 2, and minor equatorial ligand positional adjustments toward C 2 symmetry in Category 3, as shown in Chart 3. As discussed further below, the nature of these distortions may be ascribed to a Jahn−Teller effect. The optimized Ru−O eq distances are generally higher in Category 1 (2.022 to 2.043 Å) and Category 2 (2.025 to 2.039 Å) than in Category 3 (2.011 to 2.023 Å). The optimized Ru−N eq distances are highest in Category 1 Figure S10 ). As observed in the crystal structures, the computed torsion angles generally show the same inverse correlation with Ru−Ru distance observed by Patmore and co-workers. 75 The PPh 3 adduct 4 is the sole outlier, which may come from a steric effect between the PPh 3 aryl rings and the chp oxygen atoms. Though many of these measures vary between categories, as does the Ru−Ru distance, none of the distances or angles to the equatorial ligands aside from torsion angle reliably vary with the Ru−Ru distance within each category. Hence, it is the unique electronic structure of each category that causes the differences in equatorial ligand position, not just the relative positions of the two metal atoms. Progressing from Category 1 to 2 to 3, the oxypyridinate ligands squeeze in tighter around the N-bound Ru atom, while the O-bound Ru atom is pulled toward its axial ligand.
3.5.2. Electronic Structure. The three different structural categories of Ru 2 (chp) 4 complexes represent three different electronic ground-state configurations. The Category 1 complexes each clearly have a 3 A ground state, with a filled δ* orbital and two unpaired electrons in the π* set of orbitals. The Category 3 complexes each clearly have a 3 E-derived ground state, with one unpaired electron in the δ* orbital and three electrons in the π* set of orbitals. The Category 2 complexes are structurally intermediate between Categories 1 and 3, yet the magnetic data for complex 4 is similar to those of 3 A compounds. Hence, the Category 2 electronic structure must have the same spin configuration as the 3 A Category 1 complexes but with differences in the orbital structure that enable the intermediate properties.
The energies of the formally metal-based orbitals for the computed complexes are given in the Supporting Information (Table S2 ). Because many of these complexes optimize to symmetries much lower than C 4 , extensive orbital mixing is allowed, even between orbitals with negligible overlap. This results in situations where, for example, Ru 2 σ(z 2 ) character is spread across several different equatorial ligand orbitals. There are even some cases where the Ru 2 π-symmetry and δsymmetry metal orbitals hybridize with each other. To properly study trends in the axial ligand effects on Ru 2 orbitals of different symmetry, the energies of deconvoluted, symmetry- a Energies of assigned symmetry-pure orbitals are calculated by taking the weighted average of the energies of all orbitals containing >2% of the assigned orbital character. Energies are defined relative to the symmetry-pure δ* orbital. b Because of the non-overlap of spin-up and spin-down components, the weighted average of the energies of all occupied and unoccupied one-electron orbitals is reported here, instead of two-electron quasi-restricted orbital energies. c g and u refer to the gerade and ungerade orbital combinations of the dimer. d Here, the two energies are associated with each Ru 2 unit (i.e., unit 1 and unit 2, respectively).
pure Ru 2 σ(z 2 ), δ(xy), δ*(xy), and π*(xz,yz) orbitals are needed that can be compared across the series of complexes. Delgado-Jaime and DeBeer suggest an empirically supported method for estimating such energies, E, of orthonormal, atomic-derived orbitals based on their Loẅdin fractional contributions, c i , to several molecular orbitals of known energies, E i : 99
The "symmetry-pure" Ru 2 orbital energies as derived from eq 5 are given in Table 6 , where they are referenced in each case to the energy of the δ* level, 100 and more details regarding their derivation are provided in the Supporting Information (Table  S3 ). The σ(z 2 ) Ru 2 orbital is, as expected, bonding between the two metal atoms and antibonding to the axial ligand, as can be seen in Figure 9 . As the axial ligand becomes more σ-donating, this orbital should rise in energy. Also, within each of the three previously defined categories, the energy of this orbital should rise with the Ru−Ru distance, as a greater σ-based trans effect pushes the metals apart. This trend is fairly reliable in the Category 1 complexes, with the energy of σ(z 2 ) ranging from −3.291 eV in the complex with no axial ligand to −2.115 eV in the pyridine adduct. One small exception to this trend is the MeCN adduct, which has a σ(z 2 ) orbital 0.059 eV lower in energy than that of the O-bound DMSO complex, despite the two complexes having very similar predicted Ru−Ru distances. In the dimeric complexes, the broken-symmetry model increases the energies of the σ(z 2 ) orbitals higher than in the high-spin model, by 0.048 eV for 7 and 0.054 eV for 8, giving averaged energies of −2.490 and −2.418 eV, respectively. Hence, the model for the simple dimer has greater σ-donation to the metals than the THF adduct, and binding ZnCl 2 to the oxypyridinate ligands appears to increase σ-donation even further. If this were a real effect, then the resulting trans effect would cause the empirical Ru−Ru distances in 8 to be significantly longer than in 2, but the opposite is observed. This error may result from the overestimated computational Ru−Ru distances, which came from the high-spin model. It might be possible to obtain better ab initio models of the dimeric species if exchange coupling between the two units could be accounted for during the geometry-optimization process. In Category 2, the CH 2 Cl 2 adduct has a σ(z 2 ) energy indicative of the weakest σ-donation of the series, while the PPh 3 of 4 appears to have moderate σ-donation character, between O-bound DMSO and NH 3 . Though the sulfur of DMSO has a large van der Waals radius and is classified as a "soft" base like phosphorus, S-bound DMSO has the lowest-energy σ(z 2 ) orbital of Category 3, placing this ligand between H 2 O and THF in σ-donating character. Even N 2 shows greater σ-donation to Ru 2 , with a σ(z 2 ) energy comparable to THF. The CO adduct σ(z 2 ) orbital is 0.116 eV higher in energy than that of the pyridine adduct, making CO, as expected, the top σ-donating ligand of the series.
The calculated δ−δ* gap of 1.1 to 1.3 eV reported here is comparable to the 1 eV gap for Ru 2 (O 2 CH) 4 previously calculated using extended Huckel methods, 101 and is significantly smaller than the 2 eV gap for Ru 2 (HNNNH) 4 previously calculated using Xα-SW methods. 46 Based on angular overlap, the δ(xy) and δ*(xy) orbitals should split apart in energy more as the metals move closer together. This provides an explanation for why the δ(xy) orbital is at its lowest energy in the axially free species, and at its highest in Categories 2 and 3. Additionally, the reduced axial symmetry in complexes with bent Ru−Ru−L ax angles allows mixing of this orbital into the π orbitals, pushing the δ(xy) orbital energy even higher. The extent of this mixing is large enough in the Category 2 complexes that it can be clearly seen as a tilt in the δ(xy) orbitals ( Figure 10 ). This effect is at least partially corrected for in the analysis by determining the energies of the "symmetrypure" orbitals of Table 6 .
The π* orbitals move up or down in energy based mainly on how π-donating or π-withdrawing the axial ligand is, overshadowing the effect from differing Ru−Ru distances. Though the π* orbital energy of the axially free Ru 2 (chp) 4 complex should ideally lie between that of the compounds of π-donating and π-withdrawing axial ligands, its energy value of 0.381 eV relative to the δ*(xy) orbital is actually lower than that of all of the Category 1 complexes due to the lower coordination number. Aside from the axially free species, MeCN gives the lowest π* energy of Category 1 through its π-withdrawing character, and O-bound DMSO and the dimers give the highest π* energy of the series through π-donation, matching the spectroscopic results. The THF and H 2 O adducts also each show evidence of π-donation along one axis, while the NH 3 and pyridine adducts show little evidence of π interaction at all, giving an estimate of the unperturbed π*/δ* splitting for Ru 2 (chp) 4 (L) complexes of Δ ≈ 0.55 eV. This is comparable to the value of Δ ≈ 0.41−0.45 eV calculated for Ru 2 (O 2 CH) 4 using semiempirical methods, 101 and is significantly more positive than the value of Δ ≈ −1 eV calculated for Ru 2 (HNNNH) 4 using Xα-SW methods. 46 In Category 3, the axial π-withdrawing character is so strong that the π* orbitals move below the δ*(xy) orbital, giving a 3 E(π*) 3 (δ*) 1 ground state. Because the two π* orbitals are unequally occupied, a Jahn-Teller distortion occurs in the Ru− O eq and Ru−N eq distances, making the coordination geometry C 2 -symmetric. This distortion breaks the π* degeneracy, putting the singly occupied π* orbital approximately 0.5 eV higher in energy than the doubly occupied π* orbital. Having a third electron in the π* orbitals rather than two in the δ* orbital results in a longer Ru−Ru distance, accounting for many of the structural differences between Category 1 and 3 complexes.
The Category 2 complexes are intermediate between categories 1 and 3 in π-withdrawing character, due to backdonation into empty P−C and Cl−C σ* orbitals in the PPh 3 and CH 2 Cl 2 complexes, respectively. The π* orbitals in both of the Category 2 complexes show clear signs of mixing with the δ*(xy) orbital (Figure 11 ), causing severe tilting in the δ*(xy) orbital, as well as some tilting in π*(xz) (perpendicular to the Ru−Ru−L ax bend), and bulging out to one side in π*(yz) (parallel to the Ru−Ru−L ax bend). Though the Ru−Ru−L ax bend (and lack of rotational symmetry in the CH 2 Cl 2 ligand) causes the symmetry-pure π*(xz) and π*(yz) orbitals to lose degeneracy, mixing with the δ*(xy) orbital restores that degeneracy in the π*-originated orbitals. The hybridization necessarily takes some of the spin-density from the π* orbitals and places it in the δ* orbitals, as in the 3 E state. By tracking the spin population in the δ* orbital as a function of the Ru− Ru distance (Figure 12 ), we see a clear delineation between the 3 A Category 1 and 3 E Category 3 compounds, as well as a potential continuum between these two states that is thus far only represented by the two Category 2 examples, and potentially the Category 3 complex Ru 2 (chp) 4 (S-DMSO), which also shows a small degree of π*/δ* hybridization (Table  S3 ). This continuum may be considered to arise from a pseudo-Jahn-Teller distortion that avoids crossing of either the π* and δ* levels (Chart 4), or the 3 A and 3 E states. 102 The Ru−Ru−L ax bend distorts the complex to C s symmetry, in which both states transform as 3 A″, allowing a smooth transition between the (C 4 symmetry) 3 A and 3 E-derived ground states through mixing. The 3 A″ ground state does not allow for the type of orbital angular momentum present in the 3 E state, and so, as observed with compound 4, cannot be distinguished from the 3 A ground state on the basis of temperature-dependent magnetic susceptibility. Further examples of complexes intermediate between the 3 A and 3 E states could be deliberately targeted using axial ligands with moderate π-withdrawing character.
Though prior literature 30, 103 has suggested that π-withdrawing character from the axial ligand is responsible for the Ru−Ru cleavage observed in CO, pyridine, and occasionally PPh 3 and MeCN adducts, this hypothesis is not supported by the data presented here. The CO and pyridine adducts are the only members of the Ru 2 (chp) 4 adduct series that show at least partial Ru−Ru cleavage in solution, but only one of these ligands is strongly π-withdrawing. Furthermore, the π-withdrawing PPh 3 ligand forms a complex that is quite stable. Instead, we propose that the σ-donation of the axial ligand may be responsible for this type of instability in Ru 2 complexes with O,O-or N,O-donor equatorial ligands, as both Ru−Ru-cleaving adducts reported here are due to ligands at the high end of the σ-donation spectrum. As the σ(z 2 ) orbital moves higher in energy due to increased antibonding character from the axial ligand, it becomes energetically favorable to mix σ*(z 2 ) character into this orbital, polarizing the orbital away from the axial ligand. Toward the extreme of σ-donation, the σ(z 2 ) Figure 11 . DFT-computed π*/δ* hybrid orbitals for 4.
orbital looks more and more like a three-center Ru−Ru−L ax σ nb (z 2 ) orbital (Chart 5). Losing such an important bonding orbital would significantly weaken the bond between the metals, and could allow the axial ligand to abstract the forward Ru ion. This explanation is supported by a recent study of M− M and M−L bond orders in M 2 (O 2 CR) 4 (L) 1−2 type complexes at the CASSCF level of theory. 5 The complexes with O,O-and N,O-donor equatorial ligands are degraded by strong σ-donors, whereas complexes with N,N-donor equatorial ligands are not, 104−108 because the Ru−N eq bond is stronger than the Ru− O eq bond, stabilizing Ru 2 (N,N) 4 complexes to weakening of the Ru−Ru bond. This Ru ion abstraction is not observed in PPh 3 adduct 4, which, to our knowledge, has the greatest π* stabilization of any triplet d 6 −d 6 M 2 complex that has been synthesized. Hence, it is overly σ-donating axial ligands like CO and pyridine that cleave the Ru−Ru bond in 3 A complexes, and there is no reason to believe that highly π-withdrawing axial ligands would do the same. MeCN and PPh 3 are only moderately σ-donating, so they only cleave the weaker Ru− Ru bonds of tetracarboxylate compounds. Contrary to what we would predict based on the hypothesis focusing on π character, we anticipate that NH 3 may also cleave 3 A Ru 2 bonds, whereas adducts of N 2 and S-bound DMSO would not.
Time-Dependent Density Functional Theory
Transition Energies. Electronic transitions were calculated for compounds 2−8, as well as for the optimized S-bound DMSO adduct, the CH 2 Cl 2 adduct, and the axially free Ru 2 (chp) 4 using time-dependent (TD) DFT. Throughout the series, Band 1 can almost always be clearly assigned to a single metal−metal transition, namely, δ → π*. These calculated transition energies and intensities are reported in Table 7 . Band 1 shifts in energy relative to the π-acidity of the axial ligand, ranging from 10 800 cm −1 in 4, to 12 600 cm −1 in 2 and 3, and the predicted energies of the δ → π* transition follow this trend quite closely, with only a slight systematic overestimation of the π*−δ gap. The π-acidity of the PPh 3 ligand is estimated well by the computational model for 4, placing the average of the two δ → π* transitions within 100 cm −1 of the ν max value for Band 1. The error goes up to a +200 cm −1 overestimation for the less πwithdrawing MeCN ligand in 6 and up to +800 cm −1 for 5, suggesting that the calculations may underestimate π-acceptance by pyridine. Complexes 2 and 3 each have an axial ligand with a single lone pair of π symmetry. This situation breaks the x/y degeneracy of the δ → π* transition, giving a lower-energy transition near Band 1 (2, 3: 12 800 cm −1 , 13 000 cm −1 ), and a higher-energy transition closer to Band 2 (2, 3: 14 000 cm −1 , 13 800 cm −1 ). If present in solution, the 3 E S-bound DMSO adduct is predicted to have a π → δ* feature (11 700 cm −1 ) near Band 1 but would have its δ → π* transition at 6100 cm −1 with about half of the intensity. However, this lower-energy transition was not observed in the near-IR spectrum of 3 ( Figures S6 and S7 ), suggesting that the isomerization equilibrium strongly favors the O-bound species over the Sbound species in solution. Bands 2, 3, and 4 consist of many overlapping transitions, precluding specific assignment.
One question that can be resolved through spectroscopic analysis is the likely identity of the dissolved Ru 2 species generated upon Zn reduction of 1 in CH 2 Cl 2 solution. This red solution maintains its spectroscopic signature, regardless of whether it is generated under N 2 or Ar, ruling out the presence of an N 2 adduct. The spectrum of this solution is not wellmodeled by axially free Ru 2 (chp) 4 or its CH 2 Cl 2 adduct (Figure and the broken symmetry model of 8 fits Band II even better. The broken symmetry model for 8 gives δ→π* transitions that overestimate the Band 1 energy by an average of 750 cm −1 , an error that would be typical in this series for a Ru 2 center that is not experiencing any significant axial π-withdrawing or πdonating effects. Hence, dimer 8 is likely already the dominant species in the red solution prior to precipitation or crystallization. The solubility of 8 in CH 2 Cl 2 is thus an intrinsic property of that complex, rather than a result of the dimer being split by solvolysis.
3.5.4. Binding Constants and Synthetic Implications. To better understand the stability and reactivity of the Ru 2 (chp) 4 axial adducts, we have sought to use our computational results to predict the binding constant (K b ) for each axial ligand in the reaction:
In pursuit of an explanation for the puzzling absence of any synthesized complexes with a 3E-derived ground state, a plot of the resulting binding energies (proportional to the binding constants K b on a log scale) against the π*−δ*(xy) gap (Δ) in the symmetry-pure orbital energies for each complex can be used to determine if π-withdrawing character is inherently destabilizing to axial coordination (Figure 14a ). The value of Δ is a good measure of the π-donating/withdrawing character of the axial ligands here because none of the axial ligands possess orbitals of the appropriate symmetry to overlap with the Ru 2 δ* orbital. Though there is a vast empty region in our series between the Δ values of 0.3 and −0.3 eV, there is no obvious trend that might suggest that negative values of Δ are necessarily destabilizing. In fact, both the highest binding constant and the most negative Δ value of the series are given by CO, which is, coincidentally, unstable to Ru−Ru cleavage for reasons previously discussed (vide supra). The large differences in binding energy between CO and the other Category 3 complexes, or between the two Category 2 complexes, suggest that the π character of the axial ligand does not strongly influence its binding strength to Ru 2 (chp) 4 . On the contrary, when the binding energies are plotted against the σ−δ*(xy) gap (a good descriptor for the σ-donating ability of each axial ligand) for each complex (Figure 14b ), a trend immediately emerges. The binding strength for the axial ligand increases roughly linearly with its σ-donation. Multicoordinating complexes (dimers, H 2 O) appear above this line, because their binding energy is supplemented by second-sphere interactions. This trend explains the synthetic results remarkably well. Dimer 7 is the thermodynamic sink for Ru 2 (chp) 4 in most solvents, and having ZnCl 2 present stabilizes dimerization even further by forming 8. Hence, the adducts of CH 2 Cl 2 and N 2 are not observed because these ligands are not σ-donating enough to shift the equilibrium of eq 2 away from dimerization. N 2 is about as σ-donating as THF, but adduct 2 is obtained (in low yield) when THF can be used as solvent. N 2 could therefore be a feasible axial ligand, but would leave the Ru 2 complex unstable to dimerization. Though the binding energy data for H 2 O suggests that it should be a decent axial ligand, its σ-donation is rather weak. The higher binding energy calculated for H 2 O is due to the hydrogen-bonded multicoordinating model of a single water molecule in proximity to Ru 2 (chp) 4 . As suggested by the long Ru−Ru distance observed in preliminary models with additional water molecules, in a real solution, this direct hydrogen bonding to O chp would be disrupted, and the coordinated H 2 O molecule would achieve a similar binding strength as a simple ligand via σ-donation through its oxygen atom. Thus far, all of our attempts to prepare the H 2 O adduct have resulted only in dimer 7, likely due to insolubility.
DMSO clearly shows a thermodynamic preference for binding through its oxygen rather than its sulfur due to differences in σ-donation from these two atoms. The calculated thermodynamic parameters suggest that a DMSO solution of 3 at 25°C would be only 0.5% S-bound (ΔG O→S = 3.1 kcal mol −1 ), and this rises to only 1.2% (ΔG O→S = 3.3 kcal mol −1 ) at 100°C and to 2.1% (ΔG O→S = 3.5 kcal mol −1 ) at 189°C (the boiling point of DMSO). However, even with O-bound 3, extra DMSO still must be present to shift the equilibrium away from dimerization, as demonstrated in the degradation of yellow crystals of 3 to brown 7 under water or vacuum. Similarly, a 10fold excess of the moderate σ-donor PPh 3 is necessary to prevent green 4 in toluene solution from converting to a peachorange complex, which is likely the solubilized form of brown 7. MeCN is a moderate σ-donor that should bind well enough in solution to shift the equilibrium toward the solvent adduct, but the poor solubility of both 6 and the dimer in MeCN keeps the average local concentration around each Ru 2 (chp) 4 unit relatively low. Hence, 6 can be made in dilute solutions, and can even be kinetically trapped by crystallization, but any factors that might increase the rate of reaction (heating, stirring, grinding the crystals, too many nucleation sites due to a solid reductant) will cause irreversible dimerization. Pyridine has the highest binding energy of any of the adducts that have been isolated due to its strong σ-donation. This explains the high stability of 5 against substitution and oxidation in air and in solution, as well as the solubility of dimers 7 and 8 in pyridine. These results also predict that NH 3 should be a similarly strong ligand, giving stronger binding with less likelihood of Ru−Ru cleavage than pyridine. CO is predicted to bind to Ru 2 (chp) 4 stronger than any other ligand in the series, but as previously discussed, it breaks the Ru−Ru bond through its strong σdonation.
SUMMARY AND CONCLUDING REMARKS
The range of axial adducts of the (N,O)-type paddlewheel diruthenium (II,II) complex Ru 2 (chp) 4 has been greatly expanded. The DMSO, MeCN, PPh 3 , and pyridine adducts, as well as the dimer [Ru 2 (chp) 4 ] 2 (ZnCl 2 ) and the Ru−Rucleaved species (μ-chp) 2 [Ru(η 2 -chp)(CO) 2 ] 2 , have been characterized crystallographically, and a new crystallographic form of the THF adduct has been prepared. The thermodynamic sink of most of these reactions, the dimer [Ru 2 (chp) 4 ] 2 , has been identified and isolated. All of the adducts have been characterized spectroscopically, and those of pyridine and PPh 3 , as well as the ZnCl 2 -bound dimer, have been characterized magnetically. DFT calculations on the adducts, the dimers, and the hypothetical CH 2 Cl 2 , H 2 O, S-bound DMSO, N 2 , NH 3 , and CO adducts have given insight into how the axial ligand influences the Ru 2 (II,II) electronic structure and have shown that the σ-interaction with the axial ligand dominates both ligand-binding and Ru−Ru bond cleavage. Ground states derived from 3 E are not inherently unstable and should be accessible in Ru 2 (chp) 4 adducts with moderately σ-donating and highly π-withdrawing axial ligands. Such a compound is prone to Jahn-Teller distortion, which we predict to occur via symmetry lowering to C 2 . Additionally, we have described a new π*/δ*-hybridized electronic ground state for M 2 d 6 −d 6 complexes, namely, 3 A″(π*) 1 (π*/δ*) 3 , that arises from pseudo-Jahn-Teller distortions to C s symmetry near the crossing point of 3 A(π*) 2 (δ*) 2 and 3 E(π*) 3 (δ*) 1 . This intermediate state cannot be distinguished by magnetic measurements but manifests via an abnormally long Ru−Ru bond and a loss of axial symmetry in Ru 2 (chp) 4 
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